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Introduction

Colorectal cancer represents the third most common type 
of cancer worldwide [1, 2]. Of all cases, 10–30  % are 
hereditary, such as familial adenomatous polyposis coli 
and hereditary non-polyposis colon cancer. The major-
ity, however, can be attributed to non-familial sporadic 
mutations and colitis-associated cancer [3]. For patients, 
treatment options today are limited. Curative resection in 
combination with chemo- or radiotherapy is standard, but 
recurrence rates are high, and up to 50 % [4]. Alongside, 
a variety of new immunotherapies have been developed, 
including peptide-, whole tumor lysate-, dendritic cell- and 
viral vector-based vaccines. Adoptive cell transfer, includ-
ing chimeric antigen receptor therapy, and antibody-based 
therapies have also been introduced [5]. However, all cur-
rently available therapies struggle with low efficiency and 
limited success rates [5]. Therefore, sustained and addi-
tional research to elucidate the mechanisms that operate in 
intestinal cancer progression and development are crucial 
to improve outcome in therapies.

IELs are key to maintaining intestinal homeostasis. Stra-
tegically positioned within the intestinal epithelium, these 
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cells have been implicated in the recognition of stress sig-
nals [6] and repair of the intestinal epithelium [7]. Further-
more, IELs have been attributed a role in intestinal tumor 
immune response as demonstrated by a number of in vitro 
and in vivo studies. Cytotoxicity of intestinal IELs toward 
epithelial cell tumors was first reported in 1993 [8]. Later, 
Ebert et al. [9] showed that interaction of CD2 on the IEL 
surface with tumor-expressed CD58 induces expression of 
IL-8, TNF-α and IFN-γ by IELs, with a resulting enhanced 
anti-tumor response. Additionally, binding of IEL-
expressed NKG2D to tumor MIC and ULBP ligands may 
trigger Fas-mediated lysis of tumor cells [10]. Moreover, 
Baker et  al. [11] showed that colorectal cancers preferen-
tially retain intestinal IEL rather than peripherally derived 
CD8 T cells. Together, these data illustrate that IELs, 
and NK receptors expressed on the IEL cell surface, play 
an important role in mediating intestinal tumor immune 
response.

Ly49E is an inhibitory member of the Ly49 NK receptor 
family [12], characterized by a unique expression profile. 
Ly49E expression is high on tissue-resident lymphocytes, 
including CD8αα-positive IEL [13, 14]. IELs expressing 
inhibitory Ly49 receptors, including Ly49E, are hypore-
sponsive to TCR-mediated stimulation [13]. Importantly, 
in  vitro TCR-triggering results in upregulation of Ly49E 
receptor expression on IELs [15]. Furthermore, whereas all 
other inhibitory Ly49 receptors have MHC class-I ligands, 
Ly49E is triggered by the non-MHC-related protein uPA 
[16]. Importantly, uPA has been implicated in tumor devel-
opment in general, and colorectal cancer in particular, as 
an increase in tumor uPA expression has been noted in the 
colorectal adenoma-carcinoma transition [17–22]. Also, in 
a clinical setting, increased uPA levels have been linked to 
poor patient prognosis [23, 24]. Indeed, targeted uPA anti-
bodies and inhibitors have been shown to reduce tumor 
growth, cancer cell spread and metastasis [25, 26].

With the recent finding that uPA triggers the inhibi-
tory Ly49E receptor, along with the observed constitutive 
expression of Ly49E on intestinal IELs and its additional 
upregulation upon TCR-mediated activation, we hypoth-
esize that Ly49E receptor expression by IELs affects their 
in  vivo immune response toward intestinal tumors. If this 
hypothesis is correct, uPA produced by tumor cells would 
not only promote tumor invasion and metastasis, but would 
also be used as a novel tumor escape mechanism from host 
innate-like T cells. We tested this hypothesis by comparing 
Ly49E KO to Ly49E WT mice in two intestinal tumor mod-
els, ApcMin/+-mediated and azoxymethane (AOM)-induced 
colorectal cancer. ApcMin/+ mice were first described in 
1990, and have been used extensively since for the study 
of intestinal tumor development [27]. In humans, 80 % of 
sporadic colorectal cancers have a mutation in the Apc gene 
[28]. Moreover, mutations in Apc are present in familial 

adenomatous polyposis coli [28]. Alongside, the AOM-
induced colorectal cancer model accurately recapitulates 
the aberrant crypt foci-adenoma-carcinoma sequence and 
allows for the development of adenocarcinomas in a rela-
tively short time span [29, 30]. Furthermore, tumors develop 
almost exclusively in the middle to distal colon, mimicking 
human colorectal cancer [29]. Using these two intestinal 
tumor mouse models, we show that tumor-infiltrating IEL 
are predominantly CD4 and CD8αβ TCRαβ cells. Impor-
tantly, IEL Ly49E receptor expression by IELs did not influ-
ence the development or progression of intestinal cancer.

Materials and methods

Mice

Ly49E KO mice were generated as previously described 
[31]. Heterozygous ApcMin/+ mice were purchased from 
Jackson Laboratories (Bar Harbor, ME, USA). Male Apc-
Min/+ Ly49EWT/WT mice were first bred to female Apc+/+ 
Ly49EKO/KO mice, after which male heterozygous Apc-
Min/+ Ly49EWT/KO offspring were bred to female heterozy-
gous Apc+/+ Ly49EWT/KO offspring to generate ApcMin/+ 
Ly49EWT/WT, ApcMin/+ Ly49EKO/KO, Apc+/+ Ly49EWT/WT 
and Apc+/+ Ly49EKO/KO mice. Mice were housed and bred 
in our animal facility, and all animal experimentation was 
approved and performed according to the guidelines of the 
Ethical Committee for Experimental Animals at the Fac-
ulty of Medicine and Health Sciences of Ghent University 
(Ghent, Belgium).

Genotyping of mice

Tail genomic DNA was isolated using the REDExtract-
N-Amp Tissue PCR Kit (Sigma-Aldrich, St. Louis, MO, 
USA). PCR primers: Apc forward-5′-TGAGAAAGACAG 
AAGTTA-3′ and reverse-5′-TCCACTTTGGCATAAGGC-3′;  
Ly49E WT forward-5′-TCGCTTGGAATCTTCTGTTTC-3′ 
and reverse-5′TCCTCACCTGGACTGCAATC-3′; Ly49E 
KO forward-5′GGAATAATTGCTGTTACCATTAG and 
reverse-5′TCCTCACCTGGACTGCAATC-3′. The ApcMin 
allele yields a PCR fragment of 313  bp, whereas the Apc 
WT allele does not yield a PCR fragment due to primer mis-
match. Ly49E WT and KO alleles yield PCR fragments of 
1070 and 1200 bp, respectively.

AOM‑induced colorectal cancer

AOM-induced colorectal cancer was induced in 
7–11-week-old mice. At day 0, mice were intraperitoneally 
injected with 10  mg/kg AOM (Sigma-Aldrich, St. Louis, 
MO, USA). At day 7, 2.5 % (v/w) dextran sodium sulfate 
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(DSS) (molecular weight 36,000–50,000, MP Biomedi-
cals, Cleveland, OH, USA) was administered in drinking 
water and mice were allowed to drink ad libitum for 7 days. 
Thereafter, drinking water containing DSS was replaced by 
normal drinking water and mice were allowed to recover. 
At days 28 and 39, a second and third DSS-treatment cycle 
(2  % DSS in drinking water) was initiated. Control mice 
were not treated with AOM, but were subjected to DSS 
treatment in an identical manner to AOM-treated mice.

Assessment of mouse weight, intestinal length 
and tumor load/distribution

Mice were weighed weekly, and at each time point of 
analysis. After killing by cervical dislocation, the small 
intestine or colon was removed and intestinal length was 
determined. Intestines were cleaned of all mesentery and 
cut open longitudinally for microscopic analysis of tumor 
load, size and distribution. The maximal tumor diameter 
was used to determine tumor size. For tumor distribution, 
intestines were cut into three equal-sized segments and the 
number of tumors per segment was noted.

Isolation of tumor‑infiltrating intestinal IELs

Tumor-rich sections of the small intestine, or dissected 
colonic and colorectal tumors, were obtained. Subse-
quently, infiltrating IELs were isolated as previously 
described [14].

Antibodies

mAbs used for staining were as follows: anti-TCRβ (APC/
Cy7-conjugated, clone H57.597), anti-CD4 (peridinin 
chlorophyll protein/Cy5.5-conjugated, clone GK1.5), anti-
CD8β (peridinin chlorophyll protein/Cy5.5-conjugated, 
clone YTS156.7.7), all from BioLegend (San Diego, CA, 
USA). Anti-TCRδ (PE- or FITC-conjugated, clone GL3), 
obtained from Becton–Dickinson, (Franklin Lakes, NJ, 
USA). Anti-CD8α (PE/Cy7-conjugated, clone 53-6.7) from 
eBioscience (San Diego, CA, USA). Anti-Ly49C/E (biotin-
conjugated, clone 4D12, made and labeled in-house) [32] 
and anti-Ly49E/F (FITC-conjugated, clone CM4; kindly 
provided by Dr C. G. Brooks (Newcastle on Tyne, UK)) 
[33]. mAb 4D12 (Ly49C/E) in combination with mAb CM4 
(Ly49E/F) were used to identify Ly49E-expressing cells 
(CM4+/4D12+), Ly49C-expressing cells (CM4−/4D12+) 
and Ly49F-expressing cells (CM4+/4D12−). Cells were 
blocked with anti-FcγRII/III (unconjugated, clone 2.4G2, 
kindly provided by Dr J. Unkeless, Mount Sinai School of 
Medicine, New York, NY, USA), and propidium iodide was 
used to discriminate live and dead cells. Flow cytometric 
analysis was performed using a BD LSRII flow cytometer, 

and samples were analyzed with FACSDiva Version 6.1.2 
software (BD Biosciences).

Immunohistochemistry

Tumor-rich sections of the distal ileum and distal colon were 
fixed in 4  % formaldehyde solution (VWR, Radnor, PA, 
USA) and embedded in paraffin. Five milliliters formalin-
fixed paraffin-embedded sections was stained with hema-
toxylin and eosin (Sigma-Aldrich) for analysis of tumor 
morphology. Alternately, sections were immersed in target 
retrieval solution, pH6 (Dako, Glostrup, Denmark) for 20 min 
at 95  °C for antigen retrieval. Subsequently, sections were 
stained for immunofluorescent analysis of tumor-infiltrating 
lymphocytes. Antibodies used for immunofluorescent stain-
ing were polyclonal rabbit anti-human/mouse CD3 (Dako) 
and Dylight649 donkey anti-rabbit (BioLegend). Cell nuclei 
were counterstained by mounting with ProLong Gold anti-
fade reagent with DAPI (Invitrogen). Stained sections were 
analyzed on a Leica TCS SPE (Leica Microsystems, Wetzlar, 
Germany) using the LAS4, LASAF and ImageJ software.

uPA ELISA

Tumors were microscopically dissected and weighed. 
Subsequently, tumors were lysed in buffer composed of 
1 part PBS/1 part caspase lysis buffer/2 parts blocking 
buffer (0.1  M Tris, 0.15  M NaCl, 3  % BSA, pH 7.4), on 
a Precellys24 tissue homogenizer (Bertin Technologies, 
Montigny-le-Bretonneux, France). The uPA content of the 
tumor lysates was determined using the Mouse uPA Total 
ELISA Kit (Innovative Research, Novi, MI, USA). Results 
are expressed as ng uPA per mg of tumor tissue.

Statistics

Statistical analysis was carried out using PASW Statistics 
22 Software (SPSS, Chicago, IL, USA). Data were ana-
lyzed using the nonparametric two-tailed Mann–Whitney 
U-test, or the Kruskall–Wallis test. A p value ≤0.05, (*), a 
p value ≤0.01 (**) and p value ≤0.001 (***), were consid-
ered statistically significant.

Results

Mouse weight, small intestinal length and tumor 
load are unaltered in ApcMin/+ mice on an Ly49E KO 
background

To study the role of Ly49E in intestinal cancer development 
and progression in ApcMin/+ mice, we generated ApcMin/+ 
Ly49E WT and ApcMin/+ Ly49E KO littermates. Mice were 
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weighed at 14  weeks of age, when tumor load was high-
est. Mouse weight did not differ significantly between Apc-
Min/+ Ly49E WT and ApcMin/+ Ly49E KO littermates, nor 
between ApcMin/+ and control Apc+/+ littermates (Fig. 1a). 
To investigate whether Ly49e gene expression influences 
intestinal length in ApcMin mice, we analyzed small intes-
tinal length in ApcMin/+ Ly49E WT and ApcMin/+ Ly49E 
KO littermates at 14 weeks of age. As illustrated in Fig. 1b, 
small intestinal length was unchanged between Apc-
Min/+ Ly49E WT and ApcMin/+ Ly49E KO littermates, and 
between ApcMin/+ and control Apc+/+ mice. When analyz-
ing small intestine tumor size, we did not find tumor size to 
be different in ApcMin/+ Ly49E WT as compared with Apc-
Min/+ Ly49E KO mice, and all tumors that developed had 
a 1–2  mm diameter in size. When analyzing small intes-
tine tumor load during aging, there was a clear increase in 
tumor load as mice aged from 8 to 14 weeks of age. How-
ever, tumor numbers were comparable between ApcMin/+ 
Ly49E WT and ApcMin/+ Ly49E KO littermates at all time-
points analyzed (Fig.  1c). Tumor distribution, i.e., in the 
proximal, middle or distal parts of the small intestine, was 
also similar for ApcMin/+ Ly49E WT and ApcMin/+ Ly49E 
KO littermates (data not shown). As expected, no intestinal 
tumors were detected in Apc+/+ mice (data not shown).

Tumor‑infiltrating T cells and tumor uPA expression 
levels are similar between ApcMin/+ Ly49E WT 
and ApcMin/+ Ly49E KO mice

To examine possible differences in tumor-infiltrating T 
lymphocytes in ApcMin/+ Ly49E WT and ApcMin/+ Ly49E 

KO littermates, we first stained tumor sections for CD3+ 
T cells. As illustrated in Fig. 2a, tumor-infiltrating T cells 
were clearly present, with tumor size inversely correlated 
to the number of infiltrating T cells/mm2. However, we 
did not observe discernible differences in the numbers of 
tumor-infiltrating T cells between ApcMin/+ Ly49E WT and 
ApcMin/+ Ly49E KO mice. To investigate possible changes 
in subpopulations of tumor-infiltrating T lymphocytes 
between ApcMin/+ Ly49E WT and ApcMin/+ Ly49E KO lit-
termates, tumor-infiltrating IEL were isolated from tumor-
rich tissue and population frequencies were analyzed, and 
compared to IEL subpopulations of Apc+/+ littermate 
mice. At 14  weeks of age, we noted a slight increase in 
TCRαβ lymphocytes, and decrease in TCRγδ lympho-
cytes, for ApcMin/+ mice compared to Apc+/+ mice. TCRαβ 
and TCRγδ lymphocyte frequencies were not different 
in tumor-infiltrating T lymphocytes of ApcMin/+ mice on 
an Ly49E WT versus Ly49E KO background. Within the 
TCRαβ lymphocyte fraction, we observed no differences 
between CD4, CD8αβ and CD8αα subpopulations. Within 
the TCRγδ lymphocyte fraction, CD4/CD8 double-negative 
and CD8αα cell frequencies were unchanged (Fig.  2b). 
Ly49E is expressed almost exclusively by CD8αα-
expressing IEL [14]. The frequency of Ly49E-expressing 
TCRαβ CD8αα and TCRγδ CD8αα IELs did not differ sig-
nificantly between ApcMin/+ Ly49E WT and Apc+/+ Ly49E 
WT littermates (data not shown), and IELs from ApcMin/+ 
Ly49E KO mice did not express Ly49E (supplementary 
Fig. 1). We have previously shown that uPA triggers Ly49E 
and that this results in inhibition of cytotoxicity as well 
as cytokine production of Ly49E-expressing lymphocytes 

Fig. 1   Apc-mediated intestinal 
cancer on a Ly49E KO back-
ground. a Body weight of Apc-
Min/+ Ly49E WT and ApcMin/+ 
Ly49E KO mice (mean ± SEM; 
n = 10 for ApcMin/+ Ly49E 
WT, n = 5 for ApcMin/+ Ly49E 
KO) and control Ly49E WT 
and Ly49E KO littermates 
(mean ± SEM; n = 6) at 
14 weeks of age. b Length of 
the small intestine in ApcMin/+ 
Ly49E WT and ApcMin/+ Ly49E 
KO mice (mean ± SEM; n = 5 
for ApcMin/+ Ly49E WT, n = 3 
for ApcMin/+ Ly49E KO) and 
Ly49E WT and Ly49E KO lit-
termates (mean ± SEM; n = 3) 
at 14 weeks of age. c Tumor 
load in the small intestine of 
ApcMin/+ Ly49E WT and Apc-
Min/+ Ly49E KO mice at 8, 10 
and 14 weeks of age
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[16]. Furthermore, extensive research has shown that uPA 
is critical in tumor development and metastasis [24, 25, 
34]. To investigate a putative link between Ly49E and 
tumor uPA expression levels, we analyzed uPA expression 
levels in lysates of intestinal tumors from ApcMin/+ Ly49E 

WT versus ApcMin/+ Ly49E KO mice. In parallel, uPA 
expression in healthy control, non-tumor intestinal tissue 
from Ly49E WT and Ly49E KO mice was determined. uPA 
expression levels in healthy control tissue were low, and not 
significantly different for Ly49E WT (0.0010 ± 0.0001 ng/

Fig. 2   Tumor-infiltrating T cells and tumor uPA expression in Apc-
Min/+ Ly49E WT versus ApcMin/+ Ly49E KO mice. a Hematoxylin/
eosin- (upper), and CD3-(lower) stained paraffin tumor sections 
from ApcMin/+ Ly49E WT and ApcMin/+ Ly49E KO mice. Scale bar: 
250  µm, ×100 magnification. A graph showing CD3 mean gray 
value/mm2 according to tumor surface area (mm2) is shown for Apc-
Min/+ Ly49E WT and ApcMin/+ Ly49E KO mice (n  =  6). b Small 
intestinal tumor-infiltrating IEL subpopulation frequencies in Apc-
Min/+ Ly49E WT and ApcMin/+ Ly49E KO mice, and small intestinal 

IEL subpopulation frequencies from control littermates, at 14 weeks 
of age (mean ± SEM; n = 6). The percentage of TCRαβ and TCRγδ 
IEL is shown as a fraction of the total numbers of T cells. TCRαβ 
CD4, TCRαβ CD8αβ and TCRαβ CD8αα IEL subpopulation fre-
quencies are shown as a percentage of the total TCRαβ IELs. TCRγδ 
DN and TCRγδ CD8αα IEL subpopulation frequencies are shown as 
a percentage of total TCRγδ IEL. c Tumor uPA expression in tumors 
from ApcMin/+ Ly49E WT and ApcMin/+ Ly49E KO mice at 14 weeks 
of age. n.s. not significant
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mg intestinal tissue) as compared to Ly49E KO mice 
(0.0008  ±  0.0003  ng/mg intestinal tissue). Tumor uPA 
expression exceeded expression of uPA in healthy tissue at 
least 10 times. However, tumor uPA expression levels were 
comparable between ApcMin/+ Ly49E WT and ApcMin/+ 
Ly49E KO mice (Fig. 2c).

Mouse weight, colon length and colon tumor load are 
similar between AOM‑treated Ly49E WT and Ly49E 
KO mice

To induce tumor formation in the colon, Ly49E WT and 
Ly49E KO mice were administered 10  mg/kg AOM and 
subsequently subjected to 3 cycles of DSS treatment, elic-
iting colitis-associated colorectal cancer. Mice were ana-
lyzed at 14, 16 and 22 weeks following the start of treat-
ment. At 22 weeks, mouse weight was unchanged between 
AOM-treated and untreated control mice. Moreover, we 
did not observe weight differences between AOM-treated 

Ly49E WT and AOM-treated Ly49E KO mice (Fig.  3a). 
As severe colitis is linked to colon shortening [1], we ana-
lyzed colon length in untreated and AOM-treated mice. 
Colon length was not significantly altered in AOM-treated 
Ly49E KO as compared to AOM-treated Ly49E WT mice, 
nor in AOM-treated versus untreated mice (Fig. 3b). When 
analyzing colon tumor load, we observed that tumors of 
varying size developed and that tumor load increased as 
treatment progressed. In tumors ≤2  mm, we observed a 
slightly greater tumor load for Ly49E KO as compared 
to AOM-treated Ly49E WT mice. In contrast, in tumors 
≥5 mm, tumor load for AOM-treated Ly49E WT mice was 
greater than that of AOM-treated Ly49E KO mice. How-
ever, these differences were not significant (p = 0.281 for 
≤2 mm tumors, p = 0.689 for ≥5 mm tumors) and overall 
tumor load was comparable between AOM-treated Ly49E 
KO and AOM-treated Ly49E WT mice (Fig.  3c). We did 
not note significant differences in tumor size (Fig.  3d). 
Alongside, tumor distribution was similar for AOM-treated 

Fig. 3   AOM-induced colo-
rectal cancer on a Ly49E KO 
background. a Body weight of 
AOM-treated Ly49E WT and 
Ly49E KO mice (mean ± SEM; 
n = 8 for AOM-treated Ly49E 
WT, n = 7 for AOM-treated 
Ly49E KO) 22 weeks follow-
ing the start of treatment, and 
of untreated mice at a similar 
age (mean ± SEM; n = 5). b 
Colon length of AOM-treated 
Ly49E WT and Ly49E KO 
mice (mean ± SEM; n = 8 for 
AOM-treated Ly49E WT, n = 7 
for AOM-treated Ly49E KO) 
22 weeks following the start of 
treatment, and of untreated mice 
at a similar age (mean ± SEM; 
n = 4). c Colon tumor load in 
AOM-treated Ly49E WT and 
Ly49E KO mice at 14, 16 and 
22 weeks following the start of 
treatment. d Average number 
of tumors, when tumors are 
classified according to size, in 
AOM-treated Ly49E WT and 
Ly49E KO mice at 14, 16 and 
22 weeks following the start of 
treatment (mean ± SEM; n = 3 
at 14 weeks, n = 6 at 16 weeks 
and n = 5 at 22 weeks). n.s. not 
significant
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Ly49E WT as compared to Ly49E KO mice, with tumor 
development almost exclusively restricted to the middle 
and distal colon (data not shown), as has been reported 
previously [29].

Tumor‑infiltrating T cell frequencies and tumor uPA 
expression levels are unchanged in AOM‑treated Ly49E 
WT versus Ly49E KO mice

As illustrated in Fig.  4a, immunofluorescent staining 
for tumor-infiltrating T cells shows that small tumors 
have relatively more infiltrating T cells/mm2 than large 
tumors. However, there were no discernible differences in 
the frequencies of tumor CD3+ infiltrating cells between 
AOM-treated Ly49E WT and AOM-treated Ly49E KO 
mice. Following dissection of colorectal tumors, the fre-
quencies of tumor-infiltrating T lymphocyte subsets were 
analyzed. We observed a strong and statistically signifi-
cant increase in the frequency of TCRαβ (p  =  0.013) 
and a decrease in TCRγδ (p =  0.013) tumor-infiltrating 
lymphocytes, as compared to IELs from untreated mice. 
Within the TCRαβ lymphocyte fraction of tumor-infiltrat-
ing lymphocytes, there was an increase in conventional 
CD4 lymphocytes (p  =  0.014), and a corresponding 
decrease in the frequency of non-conventional CD8αα 
lymphocytes (p =  0.012). Surprisingly also, within the 
TCRγδ lymphocyte fraction, we noted a sharp increase 
in the frequency of DN lymphocytes (p  =  0.011) and 
a corresponding decrease in CD8αα lymphocytes 
(p = 0.011) (Fig. 4b, c). However, we did not detect dif-
ferences in lymphocyte population frequencies in AOM-
treated Ly49E WT versus AOM-treated Ly49E KO mice. 
Moreover, the frequency of Ly49E-expressing TCRαβ 
CD8αα and TCRγδ CD8αα IELs did not differ signifi-
cantly between AOM-treated Ly49E WT and untreated 
mice (data not shown), and IELs from AOM-treated 
Ly49E KO mice did not express Ly49E (supplementary 
Fig. 2). Lastly, we analyzed uPA expression by tumors of 
varying size, isolated from AOM-treated mice (Fig. 4d). 
Tumor uPA expression increased steadily as tumors grew 
larger in size (≤2  mm tumors: WT 0.009 ±  0.016, KO 
0.014 ± 0.012; 3–4 mm tumors: WT 0.022 ± 0.023, KO 
0.016 ± 0.014; ≥5 mm tumors: WT 0.043 ± 0.028, KO 
0.030 ± 0.010; all ng/mg tumor tissue). In 3–4 mm and 
≥5  mm tumors, there was a trend toward higher uPA 
expression in AOM-treated Ly49E WT versus Ly49E KO 
mice, possibly indicating a weak influence of the uPA-
Ly49E interaction in selecting for tumors with higher 
uPA expression. However, the difference between AOM-
treated Ly49E WT versus AOM-treated Ly49E KO mice 
was not significant (p  =  0.805 for 3–4  mm tumors; 
p = 0.689 for ≥5 mm tumors).

Discussion

ApcMin/+ mice are frequently used in the study of intesti-
nal cancer development [27]. Here, we studied a possible 
role for Ly49E in cancer development using ApcMin/+ mice 
crossed onto an Ly49E KO background. To investigate if 
Ly49E affects mouse weight, we weighed ApcMin/+ Ly49E 
WT and ApcMin/+ Ly49E KO mice at 14  weeks of age, 
when tumor load reached a plateau, as similarly observed 
by Puppa et  al. [35]. Our results show no differences in 
body weight, suggesting that ApcMin/+ -mediated pathology 
in these mice is similar. This was confirmed by the absence 
of a difference in small intestinal length between ApcMin/+ 
Ly49E WT and ApcMin/+ Ly49E KO littermates. Apc-
Min/+ Ly49E WT and ApcMin/+ Ly49E KO mice developed 
numerous 1–2 mm adenomatous polyps along the duodenal 
to ileal axis, with a 100 % penetrance. As has been previ-
ously reported, and in contrast to human colorectal cancers 
[27, 36], tumors developed almost exclusively in the small 
intestine and were not detected in the colon. Tumor load 
increased with age and was not significantly different in 
ApcMin/+ Ly49E WT as compared to ApcMin/+ Ly49E KO 
mice, indicating that adenoma formation and growth is not 
affected by Ly49E expression.

Immunofluorescent staining showed that global T cell 
infiltration is comparable between ApcMin/+ Ly49E WT 
and ApcMin/+ Ly49E KO mice. Marsh et al. [37] have pre-
viously shown that both ApcMin/+ TCRβ−/− and ApcMin/+ 
TCRδ−/− mice develop less tumors than ApcMin/+ mice, 
implicating a role for both TCRαβ and TCRγδ cells in 
tumorigenesis. Examining tumor lymphocyte infiltration in 
ApcMin/+ Ly49E WT and ApcMin/+ Ly49E KO littermates 
and comparing these to IELs of Apc+/+ littermate controls, 
we observed a slight increase in the frequency of TCRαβ 
cells, and decreased frequencies of TCRγδ cells. The lat-
ter is in agreement with Marsh et  al. [37] who similarly 
recovered fewer TCRγδ cells from ApcMin/+ as compared 
to Apc+/+ mice. Frequencies of the CD4, CD8αα and/or 
CD8αβ subpopulations of TCRαβ and TCRγδ cells were 
unaltered between ApcMin/+ and Apc+/+ mice. Moreover, 
we observed no differences in infiltrating lymphocyte com-
position between ApcMin/+ Ly49E WT and ApcMin/+ Ly49E 
KO mice. Taken together, our data illustrate that Ly49E 
does not influence the number or frequencies of tumor-
infiltrating lymphocytes in ApcMin/+ mice.

Ploplis et  al. [38] showed that ApcMin/+ Plau−/− mice, 
which have an additional uPA deficiency, have a lower 
tumor load than ApcMin/+ (Plau+/+) mice. Our labora-
tory showed that uPA triggers the Ly49E receptor, thereby 
inhibiting cytokine production and cytotoxicity [16]. Fur-
thermore, Ly49E expression on intestinal intraepithelial 
cells is high [13], where Ly49E is primarily expressed by 
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CD8αα-expressing IELs, and expression is higher for the 
colon as compared to the small intestine [14]. As such, we 
wished to explore a possible link between Ly49E and tumor 
immunosurveillance. It has been shown that the immune 
response not only protects against tumor development but 
can also select for tumor cells of lower immunogenicity 
[39]. If this also applies to the ApcMin/+ model, tumors in 
Ly49E WT mice would be enriched for uPA production, 
whereas this would not be the case for tumors in Ly49E KO 
mice. However, our results show no significant difference 
in tumor uPA expression levels between ApcMin/+ Ly49E 
WT and ApcMin/+ Ly49E KO mice, indicating that interac-
tion between Ly49E and uPA does not appear to influence 
the incidence or size of tumors arising in these mice.

Mice in the AOM-induced colorectal cancer model 
develop tumors along the aberrant crypt foci-adenoma-
carcinoma sequence [29, 30]. This in contrast to ApcMin/+ 
mice, where adenomas rarely progress to invasive adeno-
carcinoma’s [28]. Thus, whereas ApcMin/+ mice are excel-
lent for study of the mucosa-adenoma transformation, 
study of AOM-treated mice may provide additional infor-
mation with regard to adenoma-carcinoma transforma-
tion. To explore a possible role for Ly49E in later stages 
of colorectal cancer development, we treated Ly49E WT 
and Ly49E KO mice with AOM and monitored tumor 
development. Suzuki et al. [40] have previously shown that 
AOM-treatment does not influence body weight of mice. 
Similarly, we did not observe a difference in body weight 
between AOM-treated as compared to untreated mice, or 

between AOM-treated Ly49E KO and AOM-treated Ly49E 
WT mice. We observed no significant difference in colon 
length for AOM-treated Ly49E KO mice as compared to 
AOM-treated Ly49E WT mice. Following 14–22  weeks 
of AOM/DSS treatment, AOM-treated mice developed on 
average 5–10 tumors. Tumor distribution was similar for 
AOM-treated Ly49E KO mice as compared to AOM-treated 
Ly49E WT mice. Tumor load was comparable between 
AOM-treated Ly49E WT and Ly49E KO mice, and this for 
all time-points analyzed. Also, we did not observe a differ-
ence in numbers of tumors of any particular size.

Immunofluorescent staining of tumor sections from 
AOM-treated Ly49E WT and Ly49E KO mice showed that 
total T cell infiltration was comparable. Matsuda et al. [41] 
previously showed that the frequency of tumor-infiltrated 
TCRγδ cells is lower in well-to-moderately differentiated 
colorectal adenocarcinoma as compared to healthy colon 
IELs. Moreover, tumor-infiltrating lymphocytes were found 
to be predominantly CD4+ and TCRαβ+ [41]. Analyzing 
the frequencies of tumor-infiltrating lymphocytes in AOM-
treated and untreated control mice, we similarly noted a 
significant decrease in the frequency of TCRγδ lympho-
cytes in colorectal tumors of AOM-treated mice. Along-
side, we noted an increase in the frequency of TCRαβ 
lymphocytes, with a significant increase in the frequency 
of conventional TCRαβ CD4 and CD8αβ cells. In contrast, 
the frequency of CD8αα lymphocytes was significantly 
decreased in both the TCRαβ and TCRγδ cell fractions. 
However, no differences in infiltrating lymphocyte popula-
tions were observed between AOM-treated Ly49E WT and 
Ly49E KO mice, suggesting that Ly49E expression does 
not influence the total number or frequency of subpopula-
tions of tumor-infiltrating lymphocytes.

uPA has been extensively implicated in the development 
of colorectal cancer development, where increased levels 
of both plasma and tissue uPA are present in patients with 
colorectal cancer [42]. Furthermore, increased uPA activ-
ity has been demonstrated for adenocarcinomas as com-
pared with adenomatous polyps, showing that uPA expres-
sion levels correlate with colorectal cancer staging [43]. 
Examining uPA expression in tumors of varying size, we 
noted a gradual increase in relative tumor uPA expression 
as tumor size increased. There was a trend toward higher 
uPA expression in tumors from AOM-treated Ly49E WT as 
compared to Ly49E KO mice, but this was not significantly 
different. Thus, on the basis of these experiments, it would 
appear that Ly49E expression on intestinal IELs does not 
result in immunoediting of AOM-induced colorectal cancer 
cells.

In conclusion, we have shown that intestinal cancer, as 
modeled in ApcMin/+ mice or through AOM/DSS treatment, 
is accompanied by significant changes in the gut. Specifi-
cally, study of tumor-infiltrating lymphocytes shows that 

Fig. 4   Tumor-infiltrating T cells and tumor uPA expression in 
AOM-treated Ly49E WT versus Ly49E KO mice. a Hematoxylin/
eosin-(H&E)- (upper), and CD3-(lower) stained paraffin tumor sec-
tions from AOM-treated Ly49E WT and Ly49E KO mice. Scale 
bar 250  µm, ×100 magnification. A graph showing CD3 mean 
gray value/mm2 according to tumor surface area (mm2) is shown 
for AOM-treated Ly49E WT and Ly49E KO mice (n = 6). b Colon 
tumor-infiltrating IEL subpopulation frequencies in AOM-treated 
Ly49E WT and Ly49E KO mice 14–22 weeks following the start of 
treatment, and colon IEL subpopulation frequencies from untreated 
Ly49E WT and Ly49E KO mice (mean ±  SEM; n =  5 for AOM-
treated mice; n =  3 for untreated mice). The percentage of TCRαβ 
and TCRγδ IEL is shown as a fraction of the total numbers of T cells. 
TCRαβ CD4, TCRαβ CD8αβ and TCRαβ CD8αα IEL subpopula-
tion frequencies are shown as a percentage of the total TCRαβ IELs. 
TCRγδ DN and TCRγδ CD8αα IEL subpopulation frequencies are 
shown as a percentage of the total TCRγδ IEL. c Dot plots are shown 
for CD4/CD8β versus CD8α expression in colon tumor-infiltrating 
IEL in AOM-treated Ly49E WT and Ly49E KO mice, and colon IEL 
from untreated Ly49E WT and Ly49E KO mice. Numbers indicate 
the percentage of cells in each quadrant. Dot plots are representative 
for n = 5 AOM-treated mice and n = 3 untreated mice. d Tumor uPA 
expression in tumors of varying size from AOM-treated Ly49E WT 
and Ly49E KO mice at 14–22 weeks following the start of treatment. 
n.s. not significant. Data were analyzed using the nonparametric two-
tailed Mann–Whitney U-test or the Kruskall–Wallis test. A p value 
≤0.05, (*), a p value ≤0.01 (**) and p value ≤0.001 (***), were con-
sidered statistically significant
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these cells are predominantly CD4 and CD8αβ TCRαβ 
cells. In contrast, the frequency of CD8αα-positive cells is 
reduced. Ly49E, expressed by IELs of the small intestine 
and colon, did not influence the frequencies of subpopula-
tions of tumor-infiltrating lymphocytes in either model stud-
ied. Furthermore, Ly49E, triggered by uPA, did not influ-
ence relative tumor uPA expression levels. Thus, Ly49E 
expression on intraepithelial T lymphocytes does not affect 
the development or progression of intestinal cancer.
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